Overproduction of tryptophanyl-tRNA synthetase increased trp operon expression by reducing transcription termination at the tip attenuator. The total cellular level of charged tRNA*rP was not affected by increased levels of the synthetase. We propose that excess synthetase binds charged tRNATrp and reduces the concentration available for translation.
Expression of the Escherichia coli tryptophan (trp) operon as well as several other bacterial operons concerned with amino acid and protein biosynthesis is regulated by attenuation (for reviews, see references 2, 18, 34, 35) . In these instances attenuation involves controlled transcription termination at a site, the attenuator, located within the leader region of the operon (14, 17) . The transcript specified by the leader region can form alternative secondary structures (1, 7, 11, 19, 20, 25, 30, 32, 37) . One structure, the terminator, is believed to signal the transcribing RNA polymerase molecule to terminate transcription at the attenuator, whereas the alternate structure, the antiterminator, is thought to promote transcription read-through by preventing formation of the terminator. Which structure forms is believed to be determined by the position of the ribosome translating a short leader peptide coding segment located near the 5' end of the transcript. The leader peptides of the above operons are unusually rich in the amino acid(s) that regulates the operon. When the regulatory amino acid is plentiful and the corresponding tRNAs are largely charged, translation of the leader peptide coding segment is completed (5, 15, 22) , allowing formation of the terminator. However, when the cell is deficient in the regulatory amino acid and thus the cognate tRNAs are poorly charged, the ribosome translating the leader peptide coding segment presumably stalls at the codons specifying this amino acid. This promotes formation of the antiterminator and precludes formation of the terminator; transcription then proceeds beyond the attenuator into the structural genes of the operon. Thus, charged tRNA molecules are responsible for regulation of the above operons by attenuation (8, 24, 36 4 
and 5).
Introduction of the trpS-overproducing plasmid, pCH6, into trpR+ or trpR cells resulted in a two-to threefold increase in operon expression (Table 1 , lines 2, 6, and 7). This increase was not observed when plasmid pCH6 was replaced by its derivative plasmid, pCH29 (12), a truncated version of pCH6 that contains the trpS regulatory region and only the initial segment of trpS (Table 1, lines 3 and 8 ). This finding suggests that the increase in trp operon expression is due to attenuation relief and that this relief is a consequence of overproduction of the trpS gene product. To verify this interpretation, we analyzed two mutants that are defective in attenuation. The first mutation, trpL75, is caused by a G A change at position 75 of the leader region (39); this change favors formation of the terminator structure in preference to the antiterminator. Strains with this mutation have a low level of operon expression (compare lines 4 and 9) and do not respond to reduced cellular levels of charged tRNATrI (38) .
Introduction of plasmid pCH6 into a strain bearing the trpL75 mutation did not increase trp operon expression (compare lines 9 and 10 of Table 1 ). The second attenuation mutation trpL82, is caused by a G -* A change at position 82 of the leader region (29) . This change destabilizes the terminator structure, thereby increasing trp operon expression. Strains bearing the trpL82 mutation also do not increase trp operon expression by responding to reduced TrptRNATrP levels (29) . Introduction of plasmid pCH6 into strains containing trpL82 had no effect on operon expression (compare lines 11 and 12 of (28) . In addition, elevated levels of histidinyl-tRNA synthetase lead to an increase in his operon expression in Salmonella typhimurium (9, 33) . Thus, excess synthetase affects regulation by attenuation in the three instances in which it has been tested.
Of the several possible explanations for the relief of attenuation caused by elevated synthetase levels, we currently favor the view that the excess synthetase molecules act by binding their cognate charged tRNAs, thereby effectively reducing the intracellular concentration of these charged tRNAs available for translation. This possibility has been considered previously as an explanation for the increased his operon expression that was associated with overproduction of histidinyl-tRNA synthetase (1, 33) . There now is substantial evidence for most of the amino acid operons regulated by attenuation that decreased levels of the appropriate charged tRNA result in increased operon expression (2, 8, 18, 21) . This possibility is also supported by the observation that histidinyl-tRNA synthetase, the only enzyme subjected to such analyses, has high affinity for its cognate charged tRNA (J. A. Lewis a Cells were grown at 37°C in Vogel and Bonner minimal medium (31). Where indicated, the medium was supplemented with 20 pug of L-tryptophan per ml. Plasmid-bearing cultures also contained 50 ,g of ampicillin per ml. After growth to 80 Klett units (660-nm filter), cells were harvested, washed once with cold 0.85% NaCl, and suspended in buffer containing 0.1 M Trishydrochloride (pH 8.0) and 1 mM EDTA. Cells were lysed by sonic disruption and then centrifuged at 12,000 rpm for 20 min. Cell-free supernatants were assayed for trpE and trpD enzyme activities as described by Creighton and Yanofsky (4) .
b All strains were derived from W3110 tnaA2. Plasmid pCH6 has trpS intact, with its regulatory region (13) . d Plasmid pCH29 has the trpS regulatory region and only the initial segment of trpS (13) . subtracted from each value. Specific activity of the [3H]tryptophan used was 140 cpm/pmol. Growth conditions and media were as described in Table 1 , footnote a. After growth to 100 Klett units, a prewarmed (370C) solution of trichloracetic acid (TCA) was added to a final concentration of 10%6. The precipitate was collected by centrifugation, and total RNA was isolated by phernol-chloroformn extraction followed by precipitation with ethyl alcohol; One-half of the RNA was treated with sodium periodate, as described by Folk and Berg (10) , to inactivate uncharged tRNAs. The charged tRNAs were then deacylated by incubation at pH 10.2. After alcohol precipitation the amount of previously charged tRNATrP in untreated and periodate-treated samples was determined as described by Joseph and Muench (16) .
and E is enzyme), is increased by the presence of excess synthetase is not supported by our observation that the tRNATrP in the cells remains fully charged (Table 2) . A third possibility, that charged specific tRNA is rapidly discharged by excess synthetase in an ATP-independent reaction (27), also is not supported by the findings in Table 2 . From studies on tryptophan (16), tyrosine (3), and histidine (6) tRNAs and their synthetases in E. coli it has been estimated that the molar ratio of tRNA to its cognate synthetase is 1:1. If the characteristics of the synthetase reaction demand that synthetases have a high affinity for their cognate charged tRNAs, it is apparent that the relative levels of corresponding synthetases and tRNAs must be carefully regulated. In particular, as shown here, regulation of an amino acid operon controlled by attehuation is adversely affected by an increase in the synthetase:tRNA ratio. We are indebted to Valley Stewart for his criticism of this manuscript.
